Abstract Accelerating since the early 1990s, the Greenland Ice Sheet mass loss exerts a significant impact on thermohaline processes in the sub-Arctic seas. Surplus freshwater discharge from Greenland since the 1990s, comparable in volume to the amount of freshwater present during the Great Salinity Anomaly events, could spread and accumulate in the sub-Arctic seas, influencing convective processes there. However, hydrographic observations in the Labrador Sea and the Nordic Seas, where the Greenland freshening signal might be expected to propagate, do not show a persistent freshening in the upper ocean during last two decades. This raises the question of where the surplus Greenland freshwater has propagated. In order to investigate the fate, pathways, and propagation rate of Greenland meltwater in the subArctic seas, several numerical experiments using a passive tracer to track the spreading of Greenland freshwater have been conducted as a part of the Forum for Arctic Ocean Modeling and Observational Synthesis effort. The models show that Greenland freshwater propagates and accumulates in the sub-Arctic seas, although the models disagree on the amount of tracer propagation into the convective regions. Results highlight the differences in simulated physical mechanisms at play in different models and underscore the continued importance of intercomparison studies. It is estimated that surplus Greenland freshwater flux should have caused a salinity decrease by 0.06-0.08 in the sub-Arctic seas in contradiction with the recently observed salinification (by 0.15-0.2) in the region. It is surmised that the increasing salinity of Atlantic Water has obscured the freshening signal.
Introduction
Observational and modeling studies indicate that the Greenland Ice Sheet and other Arctic land ice are melting at a rate that has dramatically increased since the early 1990s [Pritchard et al., 2009; Velicogna, 2009; Gardner et al., 2011; Bamber et al., 2012; Box and Colgan, 2013] . The volume of surplus freshwater discharge from Greenland into the sub-Arctic seas (Greenland, Iceland, Norwegian, Labrador seas, Baffin Bay, and the Subpolar region in the North Atlantic, Figure 1 ) since 1990 ($3200 km 3 by 2010) [Bamber et al., 2012] is steadily approaching the magnitude of the freshwater anomaly (10,000 km 3 ) advected into the North Atlantic during the 1970 Great Salinity Anomaly event (GSA) [Dickson et al., 1988] , suggesting that this freshwater source may have a significant impact on ocean conditions in the region.
The Arctic Ocean and the Greenland Ice Sheet are two sources of freshwater that potentially may impact the thermohaline circulation in the North Atlantic and influence the Atlantic Meridional Overturning Circulation (AMOC). Past GSA events resulting from anomalously high freshwater flux from the Arctic Ocean have been shown to have impacted thermohaline conditions and climate in the North Atlantic in the 20th century [Dickson et al., 1988; Belkin, 2004; Curry and Mauritzen, 2005] . Further, conceptual and idealized models have put forward mechanisms by which a freshwater flux from the Arctic Ocean may be a key factor in controlling the thermohaline circulation in the North Atlantic [e.g., Ikeda, 1990; Mysak and Venegas, 1998; Ikeda et al., 2001; Goosse et al., 2002; Proshutinsky et al., 2002; Dukhovskoy et al., 2004] .
Meltwater from the Greenland Ice Sheet is the other major source of freshwater considered to influence thermohaline circulation and climate [Rahmstorf, 2002; Fichefet et al., 2003; Rahmstorf, 2003; Ridley et al., 2005; Rudels, 2011; Castro de la Guardia et al., 2015] . With growing evidence of accelerated Greenland ice melt [Velicogna, 2009; Bamber et al., 2012; Box and Colgan, 2013] , increasing attention has been given to the role of meltwater in the high-latitude climate [Hu et al., 2011; Weijer et al., 2012; Rahmstorf et al., 2015] . Proshutinsky et al. [2015] conjecture that the recent observed disruption of quasidecadal oscillations of the Arctic wind-driven circulation regimes may be attributed to a surplus freshwater flux from Greenland. The underlying assumption is that a substantial volume of Greenland freshwater spreads laterally from the Greenland coast into convective sites of the interior sub-Arctic seas (regions GS, IS, and IL in Figure1) . On the other hand, observational studies suggest that freshwater predominantly flows in boundary currents along the margins of the Nordic Seas (the East Greenland Current) and the Labrador Sea (the West Greenland Current and the Labrador Current) [e.g., Bacon et al., 2002; Dickson et al., 2007; Sutherland and Pickart, 2008; Myers et al., 2009] . Hence, most of the Greenland freshwater discharge should travel along the margins of the sub-Arctic seas on its way to the North Atlantic (Figure 1 ). It remains unclear how, where, and on what timescales this freshwater can impact convective regions [Moore et al., 2015] . The rate of Greenland freshwater flux into the interior seas, which is unknown, is also important. Previous model experiments have shown that the thermohaline circulation in the North Atlantic responds to freshwater perturbations on order of 0.1 Sv [Rahmstorf, 1995; Fanning and Weaver, 1997; Clark et al., 2002] .
In order to understand the mechanisms of climate change driven by changes in AMOC in response to increased ice sheet melting, a number of ''hosing'' experiments have been performed with Ocean General Circulation Models and climate models [Huybrechts et al., 2002; Fichefet et al., 2003; Ridley et al., 2005; Jungclaus et al., 2006; Gerdes et al., 2006; Stouffer et al., 2006; Swingedouw et al., 2006; Vizcaino et al., 2008; Hu et al., 2011] . Overall, these experiments show different AMOC states as a function of freshwater flux into the North Atlantic. These numerical experiments are not designed to address any of the questions raised above. Typically in these hosing experiments surplus freshwater flux is imposed over some region of the North Atlantic. Although such simplification of freshwater input into the North Atlantic seems to have low impact on climate simulations [Kleinen et al., 2009] , misrepresentation of actual pathways of Greenland freshwater into the ocean may be important for the realistic responses of thermohaline processes in the sub-Arctic seas, as discussed in Stammer [2008] , Marsh et al. [2010] , and Weijer et al. [2012] .
In order to investigate the influence of surplus Greenland Ice Sheet meltwater on the sub-Arctic seas and North Atlantic, several high-resolution ocean experiments have been conducted. A model study of Marsh et al. [2010] includes 0.258 and 18 NEMO simulations integrated for 8 years. They found that the freshwater signal tends to stay along the narrow boundary current of the Labrador Sea and only a small volume of freshwater has reached the interior Subpolar Gyre in the simulation after 8 years. The largest volume of surplus freshwater accumulated in Baffin Bay. The authors mention that the East Greenland Coastal Current, which acts as a freshwater conduit, is not resolved in the NEMO experiments. Bacon et al. [2014] conclude that at least 1/128 model resolution is needed to resolve freshwater fluxes associated with East Greenland Coastal Current.
Another recent model study of Weijer et al. [2012] compares the adjustment of the AMOC to the surplus of Greenland freshwater in multidecadal simulations with 0.18 (''strongly eddying'') and 18 (''non-eddying'') global configurations from the Los Alamos Parallel Ocean Program (POP). In these experiments, a passive tracer is released along with the freshwater anomaly around Greenland in order to diagnose the freshwater propagation rate. The numerical experiments predict rapid spreading of the tracer at shallow depths over the sub-Arctic seas (within a year) with a distinct delay (about a year) in the arrival time for the tracer in the interior Nordic Seas. The strongest freshening is simulated in the Labrador Sea and Baffin Bay, whereas the decline in surface salinity in the Nordic Seas is much weaker.
The goal of this paper is to investigate the pathways, mechanisms, and time scales of Greenland meltwater propagation within the sub-Arctic seas with particular focus on the Nordic Seas, the Labrador Sea, and Baffin Bay (Figure 1) . We start our analysis with a description of the Greenland Ice Sheet runoff data used in the model experiments (section 2) and a brief overview of observed salinity changes in the sub-Arctic seas that could provide evidence of the influence of surplus Greenland freshwater influence (section 3). Design and analysis of numerical experiments employing three regional coupled ocean-sea ice models with different resolution forced by realistic Greenland freshwater fluxes are discussed in section 4. The experiments use a passive tracer released at exact locations of the Greenland freshwater sources. The model results are analyzed from the perspective of observed salinity changes in the sub-Arctic seas (section 5).
Greenland Freshwater Flux

Data
Greenland freshwater fluxes, between 1958 and 2010, from Bamber et al. [2012] are employed to investigate the fate of this freshwater and assess its role in thermohaline variability over the past decade. The data are a monthly gridded product (5 3 5km grid) with realistic geographic distribution and temporal variability (Figure 2a ). Greenland runoff was derived from a reconstruction of the surface mass balance of the Greenland Ice Sheet and surrounding tundra using a high-resolution regional climate model, RACMO2 [Ettema et al., 2009] forced with ERA-40 re-analysis data. The runoff from the ice sheet and surrounding tundra was combined with observations of solid ice discharge derived from satellite observations of ice velocity to produce the total freshwater flux to the ocean. , 1990-2010 According to Bamber et al. [2012] , total Greenland freshwater flux has been predominantly >1000 reported by Aagaard and Carmack [1989] based on climatological data of the 1980s) [Serreze et al., 2006; Bamber et al., 2012] . The change of the freshwater flux between 1990 and 2010 is equivalent to a freshwater input increase of 6.3-10.5 mSv. This increase is smaller than those of an earlier study of Gregory and Lowe [Gardner et al, 2011] , an increase from about 1-3 mSv. ) integrated over the regions delineated with the black lines. At the upper right, monthly runoff integrated over the whole Greenland coast is shown. The vertical black lines on top of the bars indicate the range of the monthly runoff during 1990 -2010 . Long-term (1990 -2010 [Lazier et al., 2002] . Deep convection controls formation and properties of Labrador Sea Water that occupies the central Labrador Sea . Deep winter convection in 1987 Deep winter convection in -1994 produced an anomalously high volume of cold (<2.8˚C) and fresh (<34.84) Labrador Sea Water [Yashayaev, 2007] . After 1994, the freshening of the water column reversed, especially in the Hydrographic observations in the central Labrador Sea indicate considerable variability of the temperature and salinity characteristics of the Labrador Sea Water over the last four decades [Yashayaev, 2007] . [Dickson et al., 2002; Zweng and Munchow, 2006; . During 1988 through 1994, strong freshening was observed in the upper 1500 m in the Labrador Sea caused by the formation of a large volume of cold and fresh Labrador Sea Water [Sy et al., 1997; Lazier et al., 2002] . 
Variability and Trends
The Nordic Seas
Hydrographic characteristics of the upper ocean water masses in the Nordic Seas (NS in Figure 1 ) are influenced by the northward flowing Atlantic Water and southward flowing Polar Water from the Arctic Ocean carried by the EGC [Aagaard et al., 1985] . Whereas the eastern and western parts of the Nordic seas are largely determined by the characteristics of the Polar Water and Atlantic Water, respectively, the interior part, that includes convective regions in the Iceland and Greenland seas (IS and GS in Figure 1 ), has a more complex relationship between hydrography and contributions from Polar Water and Atlantic Water. The Greenland and Iceland seas have many features in common [Malmberg and Jonsson, 1997] . Hydrography of the upper layer in both seas is determined by water mass transformations and modifications through lateral advection of Polar Water and Atlantic Water from the rims of the seas and convection driven by surface cooling and salt flux during ice formation. The North Atlantic water undergoes substantial cooling and freshening as it mixes with the ambient water before entering the Greenland Gyre. Upon mixing, the two water masses form the upper Greenland and Iceland water mass, sometimes called Arctic Surface Water [Carmack, 2000] . 1970s, 1980s, and 1990s GSAs, respectively [Dickson et al., 1988 Belkin et al., 1998; Belkin, 2004] . [Latarius and Quadfasel, 2010] . Increased salinity in the upper Nordic Seas is related to increased salinity in the Atlantic water flowing into the sub-Arctic seas [Walczowski and Piechura, 2006; Holliday et al., 2008; , likely linked to increased salinity in subtropical and midlatitudes Atlantic Water [H at un et al., 2005] .
To summarize, historic observations in Baffin Bay show persistent freshening over the last two decades, whereas salinity in the other sub-Arctic seas has both positive and negative anomalies. Thus, no definite conclusion can be made on the linkage between observed salinity anomalies in the sub-Arctic seas and increased Greenland freshwater discharge observed during last decades. We believe that more information and additional studies are needed to reveal mechanisms and processes regulating freshwater fluxes and fresh water transformations under different complex processes. A better knowledge about freshwater pathways, accumulation rates, and time scales of freshwater propagation is necessary in order to understand
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the disagreement between proposed freshening of the sub-Arctic seas caused by surplus Greenland freshwater flux and the observed salinity changes. Note that observational studies referenced in this section were primarily focused on hydrographic changes in the water column below the near-surface layer (upper 50-200 m). However, results from model experiments with passive tracers described in the following sections suggest that Greenland freshening should primarily manifest in the upper 200 m and mostly in the 0-50 m layer.
Results From the Passive Tracer Experiments
Three groups participating in the Forum for Arctic Ocean Modeling and Observational Synthesis (FAMOS) project have run ocean-sea ice models with passive tracers released at the Greenland freshwater sources. The models used in this study are from the Florida State University (AO-HYCOM), the University of Alberta (NEMO-LIM2), and the Institute of Computational Mathematics and Mathematical Geophysics (ICMMG). The simulations have different model forcing and configurations. The length of integration is 14 years. The models have different resolutions; AO-HYCOM has a high-resolution (0.088) configuration and NEMO-LIM2 and ICMMG have 0.258 and 0.58 grid spacing, respectively. The only coordinated forcing is the Greenland freshwater flux data (described in section 2.1). In the model experiments, Greenland freshwater is tracked by a passive tracer released at the locations of Greenland freshwater sources ( Figure 2a ). The tracer is treated as a scalar variable and its time evolution is described by scalar advection and diffusion equations similar to temperature and salinity. Specifics of the models and experiments are summarized in Appendix A and Table A1 .
Evolution of Tracer Concentration in the Upper Ocean
Time evolution of the passive tracer concentration in the simulations (Figures 5-7) reveals general agreement among the models. In particular, during the first several years, the models simulate rapid spreading of the freshwater tracer into the Labrador Sea (mainly with the Labrador Current) and Baffin Bay where the highest concentration is maintained throughout the simulation. On the eastern side of Greenland, the tracer is exported from the Nordic Seas by the EGC into the Labrador Sea and the Subpolar Gyre region, and then 
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the tracer is advected back into the Nordic Seas with the North Atlantic current. Yet there are obvious discrepancies in the simulated fields. The differences among the models are found in tracer concentration in the sub-Arctic seas, tracer pathways, and spreading into the interior basins, and timing of tracer advection into the Nordic Seas.
Specifically, during the first 5 years of the AO-HYCOM simulation the tracer stays within the EGC. There is an indication of some advection of the tracer with the East Icelandic Current to the east (Years 1, 2, 5, and 6). However, the interior Nordic Seas show no signature of the tracer until year 6. After that, the interior Nordic Seas slowly fill up with the tracer being brought by the North Atlantic Current after the tracer has traveled around the Subpolar Gyre ( Figure 5 ). 
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The NEMO-LIM2 simulation ( Figure 6 ) agrees with AO-HYCOM showing very limited lateral advection of the tracer off the EGC during the first 5 years of the simulation. Yet in contrast to AO-HYCOM, tracer spreading into the interior Nordic Seas by means of the west-to-east Jan Mayen current is evident in NEMO-LIM2. The timing of tracer propagation into the convective regions of the Nordic Seas is remarkably similar between the two models. Nevertheless, there is a notable distinction in how this propagation is simulated. In NEMO-LIM2, the tracer spreads from the south with the North Atlantic Current and from west off the EGC, whereas in AO-HYCOM the tracer is mainly advected by the North Atlantic Current.
The ICMMG simulation (Figure 7 ) qualitatively agrees well with both AO-HYCOM and NEMO-LIM2. Yet the ICMMG simulation does not predict any substantial tracer spreading off the EGC into the interior Nordic 
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Seas, unlike the NEMO-LIM2 simulation. In ICMMG, it takes much longer (10 years) for the tracer to travel around the Subpolar Gyre before returning to the Nordic Seas with the North Atlantic Current, compared to AO-HYCOM and NEMO-LIM2. Another discrepancy between ICMMG and the two other models is sluggish propagation of the tracer into the interior of the basins in the ICMMG simulation. For example, propagation of the tracer in Baffin Bay is predominantly along the coast in the ICMMG simulation. By contrast, there is substantial lateral advection of the tracer into the interior Baffin Bay in both AO-HYCOM and NEMO-LIM2. Similarly in the Labrador Sea and the Nordic Seas, ICMMG simulates a slower rate of tracer spreading into the interior basins.
Another disagreement between ICMMG and the two other models is the evolution of the tracer concentration to the north and west off Greenland. ICMMG simulates an extensive spread of the tracer into the Arctic Ocean 
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from the northern Greenland coast, whereas in both AO-HYCOM and NEMO-LIM2 simulations tracer propagation into the Arctic Ocean is limited and confined to the narrow shelf north of Greenland and the CAA.
Tracer Budget Analysis
In order to characterize propagation and accumulation of the tracer in the sub-Arctic seas, a tracer budget is calculated for the six regions shown in Figure 1 . The study area is divided into three basins: the Nordic Seas (NS), the Labrador Sea (LS), and Baffin Bay (BB). Within the NS and LS, convective sites in the Greenland Sea (GS), the Iceland Sea (IS), and interior Labrador Sea (IL) are designated. For each region, passive tracer storage (volume-integrated tracer content or mass, M tr ) is calculated as
where C tr is tracer concentration (kg m 23 ). Within a region, tracer fluxes (F tr ) are estimated for each segment bounding the region by integrating over the total water depth (H) along the segment l of length L
where n is an inward unit normal vector (positive flux into the region).
The Nordic Seas
All models show a gradual increase of the volume-integrated tracer content signifying tracer accumulation in the Nordic Seas region over the simulation time ( Figure 8a ). However, the models disagree on the evolution rate of the tracer content. In the AO-HYCOM simulation, concentration of the tracer starts growing after the first 3 years. In the other two simulations, the content demonstrates a nearly steady increase over the whole integration time. All models show a negative flux across Denmark Strait (section 1) owing to the tracer export with the EGC (Figures 8b-8d) ; the models simulate a reasonably robust seasonal signal in this transport related to the seasonal variability in the tracer flux imposed along the Greenland coast. In AO-HYCOM (Figure 8b ), the tracer net flux is negative during the first 5 years when tracers are exported out of the region. After 5 years of the simulation, tracer inflow to the Nordic Seas starts increasing through Iceland-FaroeShetland segments (sections 2 and 3 corresponding to the green and blue lines, respectively) and the net oceanic flux becomes positive exceeding the outflow through section 1. In NEMO-LIM2 (Figure 8c ), the net flux is negative dominated by the EGC export of the 
The Greenland Sea
Tracer accumulation in the GS ( Figure  1 ) deduced from the time series of the volume-integrated tracer content is largest for the AO-HYCOM model (Figure 9a ). During the first 2-3 years, there is no tracer signature in the region for all models. After several years, the tracer starts spreading into the interior Greenland Sea. However, the timing and the propagation rate differ among the models. In AO-HYCOM, the tracer content starts growing after 4 years. During the last 4 years of the simulation, the accumulation rate slows down due to the fact that the tracer fluxes into and out of the box start reaching a balance. Both NEMO-LIM2 and ICMMG simulate accumulation of the tracers in the GS at a slower rate than in AO-HYCOM.
There is good agreement between the general trend of tracer fluxes in AO-HYCOM and NEMO-LIM2, with much smaller fluxes in general for the ICMMG simulations (Figures 9b and 9d) . Tracer fluxes across sections 9 and 12 dominate but nearly cancel each other due to the throughflow of the recirculating Atlantic waters in the northern side of the GS. It is the balance between the fluxes through the eastern and southern sections that determines the tracer budget inside the box. In the AO-HYCOM experiment, the inflow across the eastern section (10) is mostly positive and the southern flux oscillates between positive and negative. The fluxes in ICMMG remain near zero through year 13.
Tracer fluxes across sections 9 and 12 in NEMO-LIM2 have a strong seasonal signal due to the propagation path of the tracer from the EGC (Figure 6 ), which has strong seasonal change in the tracer concentration related to seasonal variability of Greenland freshwater flux (Figure 2a ). After year 8, the seasonal signals of the fluxes across sections 9 and 12 are superimposed on positive and negative trends, respectively, attributed to tracer that has traveled around the Subpolar Gyre and has been advected into the GS with the Norwegian Atlantic Current. (Figure 10a) . The earlier accumulation of the tracer in the IS region in NEMO-LIM2 is related to eastward tracer transport with the East Icelandic Current (Figure 6 ) that is not evident in the other two simulations.
Tracer fluxes across the sections have noticeable disagreement among the models (Figures 10b-10d) . AO-HYCOM simulates major tracer outflow through the southern section (16) and the inflow is mainly through the northern (14) and eastern (15) boundaries. Tracer flux through the western boundary (13) is intermittent but becomes predominantly positive by the end of the simulation. Note that after year 6, tracer flux across the southern section (16) is always negative, whereas the northern flux (14) remains positive. Similarly, ICMMG simulates persistent positive tracer flux through the northern section and negative tracer flux through the southern section (Figure 10d ), however the northern inflow dominates the outflow (note the different scales). In the NEMO-LIM2 simulation, the fluxes through sections 14 and 16 are more sporadic and do not demonstrate any persistence, in contrast to AO-HYCOM and ICMMG. The oscillations across sections 13 and 16 are related to variability of the East Icelandic Current and the Jan Mayen Current that are substantial tracer sources for the interior Nordic Seas in the model.
The Labrador Sea
All model experiments predict an overall increase of the passive tracer content in the LS during the simulation (Figure 11a ). The rate of tracer increase is similar in all simulations. Tracer fluxes across the northern (7) and southern (8) sections exhibit strong seasonality associated with seasonal changes of meltwater flux from Greenland coast (Figures 11b-11d) . In AO-HYCOM and NEMO-LIM2, the southern flux through section 8 is positive during the first year of the simulation, and then it becomes predominantly negative. The shift is due to the fact that during the first year, the tracer is imported into the region with the WGC. After the tracer propagates around the Labrador Sea, it is exported out to the North Atlantic with the Labrador Current. Tracer flux between the Labrador Sea and Baffin Bay (section 7) oscillates on the seasonal time scale remaining mainly positive during the first half of the year and is reversed during the second half. Such a strong seasonal cycle is consistent with hydrographic observations in the WGC [Myers et al., 2009; Curry et al., 2014; Rykova et al., 2015] . In the ICMMG simulation, the tracer flux across section 8 remains predominantly positive through year 10 caused by tracer influx from the North Atlantic. In contrast to the AO-HYCOM and NEMO-LIM2, the tracer is exported to Baffin Bay (through section 7) with little tracer export from the bay until year 11. The rate and timing of tracer accumulation in the IL region agree between AO-HYCOM and ICMMG, whereas NEMO-LIM2 predicts a near-linear increase of the tracer until year 12 when tracer mass reaches maximum that is more than 2 times higher than in the AO-HYCOM simulation and nearly 5 times higher than in ICMMG (Figure 12a ). Tracer fluxes across the sections bounding the IL box indicate different tracer advection pathways in the model experiments (Figures 12b-12d) . In AO-HYCOM, the fluxes do not have any persistent pattern. On average, tracer content in the IL is determined by the influx through the eastern (section 18) and northern (17) sides and the outflows through the western (20) and southern (19) sides. The NEMO-LIM2 experiment has the strongest tracer inflow through the southern section (19), while tracer flux across the northern section (17) is primarily negative. Similar to AO-HYCOM, in ICMMG the tracer budget in the IL box is largely influenced by the flux across the eastern side (18). Tracer outflow from the IL mostly occurs through the northern section (17).
Baffin Bay
The BB region shows accumulation of passive tracer in all experiments with the accumulation rate differing among the models (Figure 13a ). In AO-HYCOM, the tracer content rapidly increases during the first 2 years. After that, the tracer content slowly increases with superimposed seasonal variability. The NEMO-LIM2 simulation predicts faster and more persistent tracer accumulation resulting in 2 times more tracer mass by the end of the integration compared to AO-HYCOM. Results from the ICMMG experiment demonstrate a near-linear increase in the tracer content in the BB region through the simulation also exceeding twice the tracer content in the AO-HYCOM simulation by the end of the experiment. Fluxes across the northern (6) and the southern (7) sections are dominated by seasonal change (Figures 13b-13d) . During the first half of the year, the tracer is advected from the Nares Strait but during the second half of the year the tracer is advected from the Labrador Sea through Davis Strait. The seasonality is attributed to wind climatology in the area with strong southerly winds in winter and weaker northerly winds in the eastern bay during summer [Tang et al., 2004] .
Tracer Distribution in the Labrador Sea, the Nordic Seas, and Baffin Bay
The numerical experiments illustrate that the tracer has been redistributed by ocean circulation within the entire sub-Arctic region over a relatively short time. At the beginning of the experiment, the tracer is predominantly located in the Labrador Sea and Baffin Bay (Figures 5-7) . As the tracer spreads over the domain, the tracer content increases in the Nordic Seas. Analysis of the volume-integrated tracer content (section 4.2) reveals that tracer mass increases in all regions. Part of this increase is due to the overall increase of tracer mass in the domain and comparatively minor leakage of the tracer to the southern North Atlantic 
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and the Arctic Ocean. However, the rate of tracer accumulation in the basins is also driven by the ocean circulation simulated in the models.
In order to compare the accumulation rates, the ratio of volume-integrated tracer content (mass) in the Labrador Sea, the Nordic Seas, and Baffin Bay relative to the total tracer mass released is analyzed (Figure 14) . This ratio in the Labrador Sea and Baffin Bay decreases with time in all experiments. By the end of the simulations, the ratio of tracer mass in the Labrador Sea and Baffin Bay relative to the total tracer mass released is highest in the ICMMG simulation compared to the other two models. This ratio indicates that the interior Labrador Sea (Figure 14 , green numbers) loses the tracer over the course of the AO-HYCOM and ICMMG simulations, while in the NEMO-LIM2 simulation there is an accumulation of tracer in the region. In the Nordic Seas, the evolution of the tracer mass ratio is in the opposite sense between the AO-HYCOM and the other two models indicating substantial differences in the simulated tracer spreading in the region. All the simulations indicate accumulation of tracer inside the GS and IS boxes (Figure 14 , blue and red numbers). By the end of the simulations, the three basins contain 29.5% (AO-HYCOM), 28% (NEMO-LIM2), and 38.2% (ICMMG) of the total tracer mass. The remainder of the tracer is accumulated in the Subpolar Gyre region and in the Arctic Ocean. It is of note that the largest fraction of the tracer mass remains in the sub-Arctic seas (including the Subpolar Gyre region) after 14 years of the simulations, demonstrating that the tracer has been accumulating in the region while being transported around the sub-Arctic seas and propagating into the interior regions. The result corroborates previous studies that discuss recirculation of negative and positive salinity anomalies within the Labrador-Subpolar Gyre-Nordic Seas [Belkin, 2004; .
Tracer Spreading Into the Deep Layers
Observations suggest that water masses propagate predominantly along isopycnal surfaces [e.g., Ledwell et al., 1993] . Greenland freshwater spreads into the sub-Arctic seas remaining near the surface and mixing with ambient water. In the sub-Arctic seas, freshwater is mixed downward by convection and then laterally advected to distant basins [e.g., Watson et al., 1999; Rudels et al., 2012] . Thus, Greenland meltwater ultimately penetrates into the deep layers in the convective areas. In the numerical experiments, the tracers being released in the near-surface layer tagging buoyant meltwater quickly penetrate the subsurface layers through mechanical mixing and deep convection. Spurious diapycnal mixing can also enhance vertical propagation of the tracer in the non-isopycnal NEMO-LIM2 and ICMMG models [Bleck, 2002; Hill et al., 2012] . 
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The models predict tracer maximum concentration in the near-surface layer (see sections in Figure 15 ). However, the maximum is strongly diffused in NEMO-LIM2 and ICMMG occupying depths between 200 and 500 m, by contrast, it remains within a narrow layer (upper 100 m) in AO-HYCOM. In the AO-HYCOM experiment, the deepest propagation of the tracer occurs in the North Atlantic (Figures 15a and  15b ). In the Nordic Seas, the tracer is at notably shallower depths ($800m) with distinct minima in the Greenland Sea (shallower than $700 m). Similarly, in Baffin Bay the tracer has not spread deeper than $800m. Development of deep local tracer maxima is evident in the southern Labrador Sea by the end of year 7 (also observed in Figure 14a ). After 14 years of the model experiment, the passive tracer has penetrated depths exceeding 1600-1800 m in the North Atlantic including the Labrador Sea and the southern Irminger Sea. The concentration decreases with depth and is maximal in the surface layer (<200 m).
In contrast to AO-HYCOM, NEMO-LIM2 simulates tracer spreading through the whole water column in Baffin Bay (Figures 15c and 15d ). In the Labrador Sea, the tracer is distributed through most of the water column down to $2800 m after 7 years and all the way to the bottom after 14 years. This is related to excessive Labrador Sea convection in this simulation. After 7 years, the tracer propagation shallows downstream of the North Atlantic flow with very shallow tracer signatures in the Nordic Seas owing to insufficient propagation of the tracer into this region. By the end of the simulation, the tracer spreads to the bottom in the North Atlantic and below 600 m in the Nordic Seas.
In the ICMMG experiment (Figures 15e and 15f) , vertical propagation of the tracer generally agrees with AO-HYCOM. After 14 years, the model simulates deeper propagation of the tracer in the Labrador Sea and the North Atlantic basin and substantially shallower propagation in the Nordic Seas and Baffin Bay. ICMMG tracer distribution after 7 years differs from both the AO-HYCOM and NEMO-LIM2 simulations. Specifically, in ICMMG the tracer spreads deeper in the Labrador Sea, compared to the AO-HYCOM but shallower than in NEMO-LIM2. There is no tracer signature in the Nordic Seas in the ICMMG. There is good agreement in tracer depth in Baffin Bay between AO-HYCOM and ICMMG. After 14 years, tracer distribution in the North Atlantic basin in the ICMMG looks more different from AO-HYCOM. Interestingly there is no tracer in the near-surface layers in the North Atlantic basin in the ICMMG simulation, suggesting the advection origin of the subsurface tracer presence in this part of the section. The absence of the tracer in the central Labrador Sea and Nordic Seas is due to the tracer propagation with the boundary currents in this simulation. The tracer experiments presented demonstrate relatively rapid spreading of the passive tracer in the sub-Arctic seas within 5-7 years. Estimated travel time of the tracer in the model experiments agrees well with the estimates of propagation rates of the GSAs in the sub-Arctic inferred from observations [Dickson et al., 1988; Belkin et al., 1998; Belkin, 2004; . Based on the observed cooling and freshening signals in the region, Dickson et al. [1988] traced the spreading of the 1970s GSA and suggested that it took the GSA 7-8 years to propagate from Fylla Bank (off the southwestern Greenland coast) to the Norwegian Sea and 9-10 years to Spitsbergen. Upstream, propagation timescales for the GSA were 1 year longer from the eastern Greenland coast (north of Iceland). The GSAs of the 1980s and the 1990s spread faster propagating from Fylla Bank to the Norwegian Sea in about 5-6 years [Belkin et al., 1998; Belkin, 2004] . The major inflow of the tracer into the Nordic Seas in AO-HYCOM and ICMMG occurs with the North Atlantic Current. This result is in agreement with other studies where the dominant role of negative salinity anomalies carried by the Atlantic inflow on the freshening signal in the Nordic Seas has been proposed [e.g., Glessmer et al., 2014; Reverdin, 2014] .
The discrepancies in the numerical solutions are apparent in tracer propagation into the interior regions of the sub-Arctic seas. There are markedly stronger horizontal gradients in tracer concentration fields simulated in ICMMG, compared to the other two models. In the coarse-resolution ICMMG simulation, the interior slowly fills with the tracer that tends to remain with the current following the boundary regions (Figure 7 ). For example, in ICMMG the tracer is advected into the Nordic Seas after 5 years of the simulation in agreement with the AO-HYCOM experiment, yet it takes another 7-8 years for the tracer to spread into the interior GS and IS in the ICMMG simulation compared to 2-3 years in the AO-HYCOM experiment ( Figure 5 ). One possible reason for the observed discrepancies in the tracer distribution between ICMMG and the other two This assumption is supported by previous studies suggesting a leading role of small-scale eddies in lateral advection and spreading of both freshwater and Atlantic Water in the Labrador Sea [Saenko et al., 2014] and the Nordic Seas [Budeus and Ronski, 2009; . For example, Budeus and Ronski [2009] reported a patchy distribution of Atlantic Water observed inside the Greenland Gyre. Diameters of these ''Atlantic Water patches'' were only 20 km with vertical extent varying from 200 to 1000 m. The findings of Budeus and Ronski [2009] support the idea of eddy transport of Atlantic Water into the interior Greenland Gyre (see also for an interesting analogy of Atlantic Water circulation and a pinball machine). This view is distinct from the idea of a diffusion type of penetration that assumes gradual lateral spreading resulting in a smooth and steady transition from salinity and temperature values at the boundaries of the gyres to the interior values [e.g., Karstensen et al., 2005] . This type of advection is present in the ICMMG (noneddying) simulation.
The above discussion raises the question about the meaning of ''eddy-resolving'' with respect to Arctic Ocean models. An ''eddy-resolving'' model has to be capable of adequately representing the eddy field, i.e., model horizontal grid spacing should be at least two grid points per Rossby radius of deformation and the 
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grid spacing is measured as the grid-diagonal distance (so called ''effective spacing '' in Hallberg [2013] ). In the Nordic Seas, the first baroclinic Rossby radius of deformation is $4-8 km [Nurser and Bacon, 2013] . Hence, an ''eddy-resolving'' model should have a grid spacing about 2-4 km. Only AO-HYCOM with 0.088 horizontal grid (effective spacing $4-5 km in the Greenland Sea) is close to this estimate still being marginal between ''eddy-resolving'' and ''eddy-permitting'' (1 grid point per radius) [Nurser and Bacon, 2013] . No other model from the previous studies mentioned earlier (section 1) satisfies this resolution criterion. With >20km horizontal grid spacing, in the ICMMG model tracer propagation into the gyres is dominated by horizontal diffusion, which is much slower than transport and mixing by eddies in the other two models.
The apparent disagreement in the NEMO-LIM2 solution with the other models is that NEMO-LIM2 shows stronger tracer propagation from the EGC with the Jan Mayen Current. The causes of this intensification are not clear. We speculate that this may be related to misrepresentation of the narrow East Greenland Coastal Current, which serves as a freshwater conduit in the Nordic Seas. This problem has been discussed with respect to another 0.258 NEMO simulation in Marsh et al. [2010] . Alternatively, it could be due to the stronger East Icelandic Current in NEMO-LIM2 compared to the other two models.
Noneddying and Eddy Fluxes
The general circulation in the sub-Arctic seas follows the boundaries of the basins suggesting no tracer propagation into the interior Labrador and Nordic Seas. The AO-HYCOM and NEMO-LIM2 simulations, however, indicated tracer spreading into the interior regions (section 4) in striking contrast to the coarseresolution ICMMG simulation that showed very minor propagation of the tracer into the interior boxes. Visual inspection of Figures 5-7 supports the rationale suggested above that different eddy activity explains the different spreading of the tracer into the interior regions. To validate this assumption, eddy tracer flux and mean (noneddying) tracer flux are calculated by separating velocities and concentration into timemean velocity ( u) and tracer concentration ( C tr ) and corresponding time-fluctuating components or eddy terms (u 0 and C 0 tr ). After time averaging, the tracer fluxes may be separated into mean and eddy fluxes
where the overbar denotes 30 day time averaging.
Figure 16 presents 1 year-averaged mean and eddy tracer fluxes for year 9 from the simulations. The mean tracer flux (Figures 16a, 16c , and 16e) highlights the pathways of the tracer in the sub-Arctic seas that follow the general large-scale circulation. The general features of the mean tracer flux are similar in the models. Yet there are notable discrepancies in the smaller-scale pathways. For example, in contrast to the higherresolution simulations, in ICMMG boundary currents are broad occupying nearly whole Baffin Bay. At the same time, the interior Nordic Seas is nearly quiescent. Note that the mean tracer flux in the Nares Strait is northward, in contradiction to AO-HYCOM and NEMO-LIM2 (as well as the observations). The eddy tracer fluxes (Figures 16b, 16d , and 16f) are predominantly directed normal to the mean flux, indicating lateral advection of the tracer into the interior regions. All the models simulate increased eddy tracer flux along southwestern and southeastern Greenland coast. The magnitude of the eddy tracer flux in the Labrador Sea is markedly higher in AO-HYCOM compared to the other two experiments (note the natural-log scale). Also AO-HYCOM fields predict a local maximum of the eddy tracer fluxes in the Norwegian Sea that is smaller in NEMO-LIM2 and is absent in ICMMG.
Next, time-integrated eddy tracer flux (F eddy ) and time-mean tracer flux (F mean ) in the upper 150 m are calculated for the interior boxes in the Greenland, Iceland, and Labrador seas
where u ? is the velocity component normal to the section. Figure 17 are mean tracer flux (equation (4)) and time-integrated eddy tracer flux (equation (5) 
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last two decades of surplus Greenland freshwater should have resulted in a negative salinity trend in the near-surface layer. Instead, observed salinity changes alternate between positive and negative anomalies with no persistent temporal pattern (as discussed in section 3). In the following section, the influence of the Greenland freshwater flux on salinity changes in the sub-Arctic region is analyzed using results from only the AO-HYCOM simulation, which has the highest resolution. 5.2.1. Greenland Freshwater Flux and Salinity Change in the Sub-Arctic Seas The AO-HYCOM experiment was initialized from another simulation that had been integrated without Greenland runoff. In the tracer experiment, Greenland freshwater flux is ''turned on'' at the first time step of the model integration. Hence, there is a discrete jump in the freshwater forcing from the initial conditions with zero Greenland runoff to >1000 km 23 Áyr 21 (0.032 Sv) in the simulation. This provides easier detection and tracking of Greenland freshwater propagation and associated freshwater anomalies in the sub-Arctic seas. The drawback of the experiment design is that simulated negative salinity changes in the sub-Arctic seas can be too extreme for direct comparison with observational records. A better approach would be to initialize the experiment with the ocean fields from another experiment forced by realistic Greenland runoff, although in practice this still complicates the process of detection of freshwater anomalies in the basin. The AO-HYCOM results are employed here to establish relationships between Greenland freshwater flux and salinity changes in the sub-Arctic. This relationship will be used to estimate freshening in the sub-Arctic seas caused by the surplus Greenland freshwater flux in 1990-2010.
Salinity changes in the sub-Arctic basins have linear trends during the simulation (Figure 18 ). For every region (Figure 1 ), salinity is spatially averaged within the slab 0-400 m for the depths greater than 500 m. A linear relationship is sought between the spatially averaged salinity and cumulative Greenland freshwater mass Q r Q r t ð Þ5
where F r is Greenland freshwater flux. The tracer experiments have demonstrated a delay between the time when freshwater (or passive tracer) is released at the Greenland coast and the time of appearance of the freshwater signature in the sub-Arctic basins ( Figure 5 ). The time lag (s) varies for the basins from 1 year for Baffin Bay to more than 5 years for the Greenland and Iceland Seas. Thus, the following regression is fit to the data 
where dS is salinity change averaged in the upper 400 m within a sub-Arctic basin at time t ( Figure  18b ). The time lag is defined iteratively until the best fit to the data is provided, based on the highest value of the coefficient of determination (R 2 ). The high values of R 2 in the analyzed cases indicate a strong linear relationship between the Greenland freshwater flux and the magnitude of salinity anomaly in the regions. An important caveat here is that salinity changes of the North Atlantic Current have not been taken into account. According to long-term observations in the Iceland-Faroe-Shetland section and in the southwestern Nordic Seas, salinity of Atlantic water increased by 0.15-0.2 in the 2000s compared to the long-term mean [Holliday et al., 2008; . Such a strong positive salinity anomaly would dominate and undermine the impact of Greenland freshwater runoff on salinity in the sub-Arctic seas. The salinity increase in the Atlantic inflow can be linked to the propagating positive salinity anomaly from the subtropical Atlantic Ocean [H at un et al., 2005; Straneo and Heimbach, 2013] .
Summary
As Greenland Ice Sheet melting has been accelerating, increased freshwater discharge into the ocean can have dramatic consequences for thermohaline circulation of the sub-Arctic seas. and Dye, 2013; . In order to address these uncertainties, three numerical experiments were conceived during FAMOS discussions. In these experiments, employing AO-HYCOM, NEMO-LIM2, and ICCMG ocean-sea ice models, a passive tracer was continuously released at Greenland freshwater source sites to track propagation of the freshwater in the sub-Arctic seas.
Results from the tracer experiments demonstrate general agreement among the models on timing and propagation of the tracer in the sub-Arctic seas. The tracer follows the large-scale ocean circulation pattern with the EGC, WGC, and the Subpolar Gyre from Greenland to the North Atlantic and with the North Atlantic Current to the Nordic Seas. The tracer quickly propagates into Baffin Bay and the Labrador Sea. The interior Labrador Sea is impacted by the tracer within the first 2 years of the simulations. The major pathway of the tracer to the Nordic Seas is via the North Atlantic Current after it has traveled around the Subpolar Gyre. It takes from 3 (AO-HYCOM) to 5 (NEMO-LIM2 and ICMMG) years for the tracer to reach the south Nordic Seas via the North Atlantic Current and another 2 years to enter convective sites in the interior Nordic Seas (except for ICMMG where tracer spreading into the interior region was not substantial over the simulation time). The Iceland Sea receives the tracer via the Iceland Current shortly after the simulation begins, yet the amount of this influx is not substantial, except in the NEMO-LIM2 simulation. Positive trends in the time series of the tracer mass inside the basins indicate that a steady state has not been reached in the simulation and the tracer was still accumulating in the sub-Arctic seas by the end of the model runs. Nevertheless, the accumulation has substantially slowed in Baffin Bay and the Labrador Sea to the end of the experiments.
The model experiments predict highest tracer concentration in Baffin Bay with the second highest concentration in the Labrador Sea. The concentration in these basins quickly reached a quasi steady state (during the first 4-5 years). In the rest of the domain, the concentration increased as the tracer propagated with the Subpolar Gyre and the North Atlantic Current towards the Nordic Seas. During the 14 year time interval, the tracer accumulated in the sub-Arctic seas. However, the simulations were not sufficiently long to reach a The noticeable discrepancy in the numerical solutions is tracer propagation into the convective regions in the Labrador Sea and the Nordic Seas. In the ICMMG simulation, the interior regions are filled slowly with the tracer resulting in strong horizontal gradients of the tracer concentration, whereas the other two models simulate faster propagation of the tracer into the interior seas. The disagreement in the simulations is probably due to inability of the coarse-resolution ICCMG to represent tracer advection by smallscale eddies that may play an important role in distributing water from the currents following the margins of the sub-Arctic seas. Calculated eddy tracer fluxes demonstrated substantially higher eddy activity in the AO-HYCOM simulation, contrasting NEMO-LIM2 and ICMMG. Nevertheless, calculated eddy tracer flux into the Greenland and Iceland interior boxes did not demonstrate noticeable contribution of eddies to the total tracer flux. By contrast, eddy flux was a substantial contribution to the tracer flux into the interior Labrador Sea. Accumulation of the tracer in the interior regions of the sub-Arctic seas supports the idea of Greenland meltwater influence on the thermohaline processes and convection in the region. These results, however, are not directly supported by observations. No persistent negative salinity trends can be found in the reported hydrographic changes in the sub-Arctic region except for Baffin Bay. The estimates of the impact of the surplus Greenland freshwater flux on salinity changes in the upper 400 m layer suggest noticeable yet not dramatic freshening (from 20.04 to 20.12) of the sub-Arctic seas, especially in the interior regions. However, the magnitude of this freshening signal is smaller than the observed salinity increase in the Atlantic Water by 0.15-0.2 during the 2000s [Holliday et al., 2008] . This positive salinity anomaly counteracts the freshening signal caused by Greenland freshwater. The results of the model experiments also suggest that the accumulation of Greenland freshwater in the sub-Arctic seas caused by continuing Greenland Ice Sheet melt can amplify freshening in the Nordic Seas and the Labrador Sea during the period when salinity of the Atlantic inflow from southern North Atlantic decreases.
While the results here attest to efficient transport of freshwater derived from Greenland melt into the subArctic seas, feedbacks and implications of this freshwater, as well as its relative importance with respect to influxes from the Arctic Ocean and Atlantic, remain an open question.
sensible heat fluxes, along with evaporation, are calculated using bulk formulas during model run time. The bulk transfer coefficients are parameterized following Kara et al.'s [2000] algorithm.
The model is initialized from an existing HYCOM-CICE simulation that was run with no Greenland runoff, and is integrated continuously for 14 years. Lateral open boundaries are derived from a climatology from the 0.088 Global HYCOM hindcast [Metzger et al., 2014] . Thus, there is no interannual variability in the oceanic forcing superimposed at the open boundaries. It is noteworthy that surface salinity relaxation is minimal in the simulation with the e-folding relaxation scale of 1.59e-8 s 21 corresponding to the restoring time scale of 4 year 21 .
Greenland freshwater sources are incorporated into AO-HYCOM using monthly interannual gridded data ( Figure 1b) . The amount of tracer is proportional to the local freshwater flux rate and thus, tracer input replicates seasonal and interannual variability of the Greenland freshwater discharge. In HYCOM, runoff from a single source is distributed over several grid cells. From the beginning of the experiment, the passive tracer is continuously released in the upper 6 m at every model grid cell that has nonzero Greenland freshwater influx along the Greenland coast. The tracer is prescribed in the model by relaxing tracer concentration in the specified locations, which are ocean grid cells nearest to the freshwater sources along the Greenland coast, to the maximum concentration value that is defined as follows. For the given Greenland freshwater flux at some location along the coast (F r , m 3 /s), tracer concentration (kg/m 3 ) in the grid cell is defined as
where F r is Greenland runoff flux at a given location (m 3 s 21 ), q r is tracer density (1000 kg m 23 ), t rlx is tracer relaxation time scale (1 day, here) and Dz, Dx, and Dy are layer thickness and horizontal grid spacing (m). Tracers are released in the upper two layers in the grid cells where Greenland runoff is prescribed. 
A2. NEMO-LIM2
The Nucleus for European Modelling of the Ocean model (NEMO v3.4-Madec [2008] ) is used in this experiment. The Arctic Northern Hemisphere Atlantic configuration (ANHA4) was based on the 0.25 tripolar grid extracted from the NEMO ORCA025 configuration developed within the Mercator-Ocean and DRAKKAR collaboration [Barnier et al., 2006] . The model consists of 50 vertical levels with a 1 m top layer decreasing in resolution with increasing depth. The ANHA4 domain is contained within open boundaries at 20 S latitude and Bering Strait. Lateral boundaries are free slip. Lateral mixing varies horizontally according to a biLaplacian operator with a horizontal eddy viscosity of 1.5 3 10 11 m 4 s
21
. For tracer lateral diffusion, the model uses an isopycnal Laplacian operator with a horizontal eddy diffusivity of 300 m 2 s 21 . Vertical mixing at sub-grid scales was parameterized using a turbulent kinetic energy (TKE) closure model [Madec, 2008; Axell, 2002] The sea ice module is from the Louvain-la-Neuve sea-ice model (LIM2) [Fichefet and Maqueda, 1997] with a modified elastic-viscous-plastic (EVP) ice rheology [Hunke and Dukowicz, 1997] . No-slip and free-slip boundary conditions are applied for sea ice and ocean, respectively.
The simulations presented here were forced with interannual atmospheric data derived from the Canadian Meteorological Centre's Global Deterministic Prediction System (CGRF) Ocean [Golubeva and Platov, 2007] . The horizontal computational grid is bipolar curvilinear and has an equatorial resolution of 0.58 (minimal spacing is $19 km in the study region). The model uses a hydrostatic primitive formulation of Navier-Stokes equations with the rigid-lid approximation. The sea ice model is version 3 of CICE [Hunke and Lipscomb, 2008] .
The model is forced by wind stress, sensible, and latent heat fluxes, precipitation and evaporation, solar and longwave radiation derived from the NCEP/NCAR reanalysis [Kanamitsu et al., 2002] . Lateral open boundaries are provided by the PHC climatology (http://psc.apl.washington.edu/nonwp_projects/PHC/ Climatology.html). The experiment is initialized from an existing 1948-2003 model run with no Greenland runoff. Greenland freshwater input is implemented in the model as surface mass and salt fluxes at the ocean grid cells closest to the freshwater sources on the Greenland coast. Similar to the other model experiments, the amount of tracer is proportional to the local freshwater discharge rate. 
